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Quantum-dot-based light-emitting diodes (LEDs) have been considered as promising alternatives to
traditional light sources due to their photo- and thermal-stability, emission wavelength tunability, and so

forth. For the past few decades, I-IlI-VI quantum dots (QDs) have attracted considerable attention.

Compared with binary 11-VI or llI-V QDs, I-IlI-VI QDs possess large Stokes shifts, good eco-friendliness

Received 28th October 2021,
Accepted 30th December 2021

DOI: 10.1039/d1gm01452h

and wide tunable emissions covering the visible to the near-infrared region, making them ideal lighting
materials. This review summarizes the current research progress of I-IlI-VI QDs, focusing on the synth-
esis strategies and structural design. The applications in photoluminescent and electroluminescent white

LEDs and improvements in device performances are also reviewed, followed by a discussion on the

rsc.li/frontiers-materials

1. Introduction

Over the past decades, quantum dots (QDs) have been widely
studied due to their unique optical properties such as control-
lable fluorescence emission and high color purity.’” They have
broad application prospects in solar cells,” bioimaging,®’
photocatalysis,®® and light-emitting diodes (LEDs).'®'" At present,
the II-VI QDs represented by CdSe QDs are up to commercial
standards.'” However, II-VI QDs are inherently toxic because they
contain heavy metals like Cd. Although the leakage of heavy metals
can be limited by the coating methods,? it will inevitably cause
harm to the environment, which restricts the large-scale com-
mercial applications of II-VI QDs.

Therefore, it has become an urgent problem for researchers
to explore QDs which contain less toxic and more environmen-
tally friendly elements. Over the past few years, InP and other
Cd-free QDs have been widely studied. However, due to the
narrow emission spectrum, complex synthesis pathway and use
of hazardous materials, LEDs based on these QDs have the
drawbacks of high price and low efficiency.'*'* There is a
strong desire to develop low-toxicity, highly luminescent QDs
with larger Stokes shifts and wider emission spectrum. As rare
green materials, I-III-VI (I = Cu, Ag; III = In, Al, Ga; VI = S, Te, Se)
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existing challenges, and the prospect is proposed.

QDs have received immense interest from researchers.'®'®

Compared with other Cd-free QDs, I-III-VI QDs have a longer
excited-state lifetime, larger Stokes shifts and wider emission
spectrum covering the entire visible and NIR window, which can
be tuned with their size and composition variations. In addi-
tion, these QDs can be synthesized easily, and are environmen-
tally friendly and cost-effective, making them ideal materials for
fabricating high-quality white LEDs."®">" Since 2004, when the
molecular single-source precursor (PPh;),Culn(SEt), was thermally
decomposed to form colloidal CulnS, QDs with a tunable emission
peak between 662 nm and 673 nm at 200 °C,** many efforts have
been devoted to improving photoluminescence quantum yield (PL
QY), expanding the tunable range of the spectrum, and exploring
optimized synthesis routes.

In this review, we mainly focus on the synthesis, structural
design, and LED applications of I-III-VI QDs (Fig. 1). We give
an overview of the four main synthesis strategies of I-III-VI
QDs, both in the organic and aqueous phase, and introduce
their structure with respect to doping, alloying and core-shell.
Subsequently, we summarize their applications in white-light-
emitting diodes (WLEDs), including photo- and electro-luminescent
devices, and introduce the methods to optimize the perfor-
mance of WLEDs. Finally, we highlight the existing problems
and put forward the prospects.

2. Synthesis strategies of I1-Il1-VI QDs

Several routes have been used to synthesize QDs.>*”>” Generally,

the synthesis strategies of QDs are categorized either as organic
or aqueous synthesis. For alloyed QDs, balancing the reactivity

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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Fig. 1 Schematic presenting the synthesis, luminous mechanism, struc-
tural design, and WLED applications of I-11I-VI QDs.

of the constituent precursors is the crucial point for both
aqueous and organic routes. According to the Hard-Soft-Acid-
Base (HSAB) theory proposed by Pearson in 1963,>° reactants
can be categorized as acids or bases according to their tendency
to either accept or donate electrons. Hard acids prefer to bind
hard bases and soft acids prefer soft bases, which is the key to
synthesizing single-phase and stable alloyed QDs. Group I and
group III metals are usually soft and hard acids, and chalcogen
anions are usually soft bases. Because of this imbalanced
reactivity, two or more ligands are usually selected to increase
or decrease the reactivity, respectively, so that they can match
each other and avoid the formation of binary QDs.***° Mer-
captan, amine, and carboxylic acid are often used in organic
synthesis, while glutathione, cysteine, and sodium citrate are
often used in aqueous synthesis.*

Most I-1II-VI alloyed QDs synthesized in the organic phase
have good dispersion and excellent optical properties because the
organic synthesis can provide a higher reaction temperature. Thus,
QDs synthesized in the organic phase have a better crystallinity
and a relatively high PL QY.***® However, organic synthesis
requires high temperature, inert atmosphere protection, and a
relatively complex operation. Furthermore, QDs synthesized in the
organic phase are oil-soluble, which limits their biological applica-
tions. Although it is possible to change the hydrophobic surfaces
of QDs to hydrophilic surfaces by means of ligand exchange, the
luminescence properties of the resulting QDs will be greatly
reduced.**>°

Aqueous synthesis can effectively solve the problems above
with the advantages of simple operation, environmental protec-
tion, and low cost. However, compared with organic synthesis,
the low reaction temperature leads to some prominent pro-
blems, such as low PL QY and a narrow adjustable range of the
emission peak. A brief discussion of four main methods has
been provided in this section (Fig. 2).

2.1 Organic synthesis

2.1.1 Hot injection method. In the hot injection method,
the cationic precursors and surfactants react at a certain
temperature, and then the anionic precursor is rapidly injected
into the hot solution which leads to immediate supersaturation.
The aggregation of precursors induces rapid nucleation and the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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Fig. 2 Four main methods employed to synthesize I-1l1-VI QDs: (a) hot

injection, (b) heating up, (c) hydrothermal and (d) microwave-assisted.

attained QDs have good monodispersity. In 1993, Murray et al.>”
used the hot injection method to synthesize CdE (E = S, Se, Te)
QDs for the first time. Subsequently, this method has been
widely used in the synthesis of I-III-VI QDs. Jong et al.®®
successfully prepared highly bright, white-emitting CuGaS/ZnS
(CGS/ZnS) QDs with various stoichiometries. With the decrease
in Cu/Ga ratio, the absorption peaks showed a blue-shift and the
PL QY increased from 26% to 73%. When Cu/Ga = 1/8, the QDs
gave a pure white emission with the wide emission covering
blue to red. Bing et al.*>® synthesized green-emission multi-layer
CulnS/ZnS (CIS/ZnS) QDs with a maximum PL QY of ~85% at
the peak wavelength of ~530 nm via the hot injection method at a
low temperature (~130 °C). They chose S-OAm (S powder dis-
solved in oleamine) as a sulfur source instead of 1-dodecanethiol,
which supplied a high concentration of H,S, leading to the
explosive nucleation of CIS QDs (Fig. 3a). The rapid nucleation
led to a smaller size of CIS QDs, whose bandgap was wider than
CIS QDs using 1-dodecanethiol as a sulfur source (DDT-CIS). By
increasing the coating layers of ZnS, the PL emission peaks blue-
shifted (Fig. 3b and c), which attributed to the formation of an
alloy interface of ZnCulnS (ZCIS) and ZnS shells.

2.1.2 Heating up method. The heating up method is suita-
ble for the large-scale preparation of I-III-VI QDs. This method
usually consists of dissolving the precursors, such as metal salts
and ligands, in a pot and then directly heating it at a specific
temperature for a period. The metal salts are decomposed and
undergo the crystallization process in the presence of surfactant
and high boiling point solvents. Mei et al.*® reported the utiliza-
tion of the heating up method for the synthesis of CuGaSe/ZnSe
QDs (Fig. 4). They used octadecene as the solvent, and oleamine
and 1-dodecanethiol as the ligands. By adjusting the Se/S ratio
and Cu/Ga ratio, the emission peak could be continuously
adjusted between 485-630 nm and the PL QY could reach 77%.
Huang et al.** synthesized CIS/ZnS QDs in the dispersion state

Mater. Chem. Front., 2022, 6, 418-429 | 419
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Fig. 3 (a) Schematic illustration of the formation process of CIS/ZnS QDs
with S-OAm (S-CIS/ZnS) and 1-dodecanethiol (DDT-CIS/ZnS) as the sulfur
source. Normalized PL emission spectra and photographs of the samples
under 365 nm UV illumination (inset) of (b) S-CIS/ZnS and (c) DDT-CIS/ZnS
QDs. Reproduced with permission.>® Copyright 2020 Published by
Elsevier B.V.
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Fig. 4 (a) Schematic illustration of the synthetic procedures of CuGaSe/
ZnSe core/shell QDs via a heating-up method. UV-vis absorption (left), PL
spectra (right, Zex = 405 nm) and digital photograph of samples under the
radiation of 365 nm UV illumination (inset) of (b) CuGaSe/ZnSe and
(c) CuGaSe,S;_,/ZnSeS QDs prepared under various Cu/Ga and Se/S
precursor molar ratios, respectively. Reproduced with permission.*® Copy-
right 2018 Elsevier B.V. All rights reserved.

belonging to the NIR-I window with a PL peak wavelength of
816 nm and FWHM of about 246 nm. With fast precursor
decomposition leading to monomer conversion improvement,
the PL QY was up to 94.8%.

2.2 Aqueous synthesis

2.2.1 Hydrothermal method. Aqueous synthesis has drawn
tremendous interest due to its non-toxic, low cost, and good
biocompatibility. Metal nitrate or metal halides are often used
as metal precursors while Na,S or thiourea (CS(NH,),) is mostly
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View Article Online

Review

o~
=
=

EL Intensity(a.u.)

400 450 500 550 600 2
Wavelength(nm) 00 01 02 03 04,05 06 07 08

Fig. 5 (a) Electroluminescent (EL) spectrum, (b) the corresponding Com-
mission Internationale de l'Eclairage (CIE) color coordinates and a photo-
graph (inset) of the WLED operating at 50 mA. Photographs of AlZS QDs
with different Ag/In ratios under (c) daylight and (d) UV light. Copied with
permission.*? Copyright 2020 Elsevier B.V. All rights reserved.

used as a sulfur source. Chen et al.*” reported the synthesis of water-

soluble AgInZnS (AIZS) QDs via a hydrothermal method with the
assistance of N-methylimidazolium tetrafluoroborate ((Mim]|BF,). In
this approach, [Mim|BF, was added as the surfactant while glu-
tathione (GSH) and trisodium citrate were employed as ligands. By
varying the amount of [Mim]|BF,, the reaction temperature, and
cation ratios, AIZS QDs were attained with a PL QY up to 28.9% and
an emission peak adjusted from 608 nm to 525 nm. By combining
AIZS QDs and green LuzAl;04,:Ce®" phosphors with a blue InGaN
chip, a WLED was fabricated (Fig. 5), whose luminous efficacy (LE)
reached 85.2 Im W™ "

2.2.2 Microwave-assisted method. The microwave-assisted
method based on aqueous synthesis not only has the advantages
of environmental friendliness and high reproducibility, but also
reduces the reaction time.** Furthermore, the microwave-assisted
method can rapidly and homogeneously raise the temperature,
which reduces the possibility of sharp thermal gradients in reac-
tion conditions, resulting in more uniform nucleation and particle
growth. Soares et al.** synthesized AgInS/ZnS (AIS/ZnS) QDs with a
PL QY up to 60% and emission peak adjusted from 630 nm to
700 nm via a microwave-assisted method. By systematically asses-
sing synthetic parameters including reaction time, temperature,
Ag:In ratio, MPA:In ratio, pH, and so on, they modelled the
correlation between the different synthetic parameters and the
optical properties (Fig. 6). The model could be used to predict
different outcomes of the reactions and then be validated by new
experiments. This model could direct the synthesis and pave the
way for a deeper understanding of the fundamental properties of
I-ITI-VI QDs.

3. Luminous mechanism of |-IlI-VI QDs

Compared with other QDs such as CdSe or InP QDs, I-11I-VI
QDs have a longer PL lifetime, larger Stokes shifts, and wider
full-width at half-maximum (FWHM).**"® It is widely accepted

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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Fig. 6 The relationship between pH, Ag:Inratio, and (a) Amax. (b) (1), (c) QD (Ag: In) ratio and (f) QD (Zn: In) ratio, when the MPA : In ratio is fixed at 8. The
relationship between MPA:In ratio, Ag:In ratio, and (d) Amax and (e) (z), when the pH is fixed at 8.5. (g) The relationship between the experimental
conditions used for AlIS/ZnS QD synthesis and their PL properties; the MPA: In ratio was set to 6 for all the designed QDs. QD (Ag: In: Zn) refers to the
Ag:In:Zn ratio effectively found in the prepared QDs. Reproduced with permission.**

that the former two optical properties are derived from the
defect state levels, while the wider FWHM is caused by the
variations of size and composition of QDs.*® At present, the
luminous mechanism of I-III-VI QDs is controversial, and two
models for radiative recombination have been proposed.®®

3.1 Donor-acceptor pair (DAP) recombination

DAP recombination (Fig. 7a) involves the bonding between a
delocalized donor state electron and a hole localized in the
acceptor level. In the case of CIS QDs,*" defects arising from the
nonstoichiometric composition are mainly sulfur vacancies (Vg),
copper vacancies (Vg,), and copper indium substitution (Ing,)
because Cu-S binding is weaker than In-S binding. Vs and Inc,
are believed to be the donor state, whereas V¢, acts as acceptors.
Chen et al.>* demonstrated that the optical properties of CIS QDs
could be significantly influenced by stoichiometry control. There is
no fluorescence in Cu-rich CIS QDs after the Cu/In ratio exceeds a
certain value. Most of the luminescent CIS samples are in the
copper-deficient region, which suggests the DAP mechanism.

3.2 Free-to-bound (FTB) recombination

FTB recombination (Fig. 7b) implies recombination of a delo-
calized conduction band (CB) electron with a hole localized at

(a) DAP recombination

(b) FTB recombination

Fig. 7 Schematic representation of the (a) DAP recombination and (b) FTB
recombination.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022

the defect. Zang et al.>® found that a single CIS QD with a thick
ZnS shell displayed a narrower photoluminescence line width
(down to ~60 meV) than the ensemble (typically >300 meV)
and concluded that the photoluminescence in CIS QDs arose
from radiative recombination of a delocalized band-edge
electron and a localized hole residing on a Cu-related defect.
Stam et al.>* held that Cu®" states resulted in individual ‘dark’
QDs, whereas Cu" states resulted in ‘bright’ QDs. They proposed
that efficient hole trapping on Cu’ defects was crucial for
‘bright’ CIS QDs, and injecting electrons into the ‘dark’ defect
states (Cu®*) could activate efficient hole trapping, which con-
tributed to the control of optical properties.

There were also suggestions that the DAP and FTB mechan-
isms coexisted as competitive recombination in QDs, while the
dominant recombination was determined by the stoichiometry
and structure of QDs.”> Other reasonable hypotheses can be
proposed, and more experiments are needed to verify the
luminous mechanism of I-I1I-VI QDs.

4. Structural design of |-1lI-VI QDs

4.1 Doped structure

The luminous mechanisms mentioned before are all caused by
internal defects. Therefore, the group I-deficient strategy (with
reduced Cu/In or Ag/In ratio) can improve the recombination
rate of carriers and significantly improve the luminescence
intensity of QDs.>*° In addition, doping strategies have also been
used to enhance the fluorescence and broaden the spectrum
of QDs.

Doping in I-III-VI QDs is an important aspect. Doped atoms
or ions as external impurities create local quantum states
within the bandgaps, and modulate photoluminescence. Kim
and coworkers®® synthesized Mn-doped CGS/ZnS QDs posses-
sing a high PL QY in the range of 74-76% regardless of Mn
concentration. These doped QDs with wide PL coverage of
green-to-red were packaged as single downconverters with a

Mater. Chem. Front., 2022, 6, 418-429 | 421
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blue LED chip to fabricate solid-state lighting devices. Li et al.®*
synthesized quaternary CuZnGaSe QDs and quinary CuMnZn-
GaSe QDs. The white-emission CuMnZnGaSe QDs are promis-
ing light-emitting materials suitable for solid-state lighting.

4.2 Alloyed structure

The bandgap of QDs can be tuned by adjusting their size. The
synthesis of size-controlled QDs has been extensively studied.****
In many specific applications, very small QDs are needed to obtain
the desired properties. However, particles with very small dia-
meters (<2 nm) are unstable.®> Therefore, a size-independent
method to tune the bandgap of QDs is required.

Alloying is a strategy to tune the bandgap of QDs. The desired
alloyed QDs are obtained by cation or anion exchange based on a
semiconductor material. Hu et al®® successfully synthesized
Cu,Ag; ,InSe, alloyed QDs through the cation exchange reaction
starting from AgInSe, QDs. With the increase in copper content,
the PL emission gradually shifted from 706 to 840 nm, which
determined the bandgap evolution of the Cu,Ag;_,InSe, alloyed
QDs. Bai et al.®” prepared alloyed AgIn(S; ,Se.), QDs from
AgInSe, QDs. With the decrease in Se content, the bandgaps
could be continuously tuned from 1.45 eV to 1.99 eV.

It should be noted that alloying and doping are different
strategies. Though doping and alloying are both carried out
through ion exchange, doping does not shift the bandgap of the
host nanocrystals but modifies the band structure by creating
local quantum states within the bandgaps. When the number
of ions exchanged reaches a certain range, an alloyed structure
is formed and the bandgaps of QDs are tuned.

4.3 Core-shell structure

Due to the high surface-to-volume ratio of QDs, many surface
defects act as temporary ‘traps’ for the electron, hole, or excitons,
quenching radiative recombination and reducing the PL QY. An
important strategy to passivate their surface is the overgrowth of
a shell consisting of a second semiconductor with a larger
bandgap, such as ZnS®® and CdsS,* resulting in a core-shell
structure. Yoon et al.”® implemented an Al-doped ZnS shell on
CIS QDs, resulting in exceptional photostability with a marginal
loss of 10% even after a much-prolonged time of 120 h under
prolonged UV irradiation exposure and an exceptionally high PL
QY up to 90%. Opposite to the ZnS shelling of traditional CdSe
QDs,”" in most cases, ZnS shelling of I-I1I-VI QDs leads to blue-
shifts in both the absorption and photoluminescence spectra.
These blue-shifts result from a complex interplay between several
processes, including cation exchange,”* etching,” alloying”* and
shell overgrowth.”> Berends et al.”® addressed that low reaction
temperatures (150 °C) favored etching, cation exchange, and
alloying, regardless of the precursors used, and ZnS shell over-
growth only became dominant if reactive S- and Zn-precursors
and high reaction temperatures were used. Different from alloyed
structures, the core-shell structure is carried out through the
epitaxial overgrowth of a second semiconductor on the surface
of the QDs, which does not change the bandgap of the
QDs. However, in most cases, the shell coating and alloying
processes occur simultaneously, forming a core/gradient

422 | Mater. Chem. Front., 2022, 6, 418-429
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alloy/shell structure.””’® A delicate balance between several
processes determines the outcome of shelling reactions on
QDs. It is not easy to distinguish between a core-shell structure
and an alloyed structure after the shelling process. The complex
composition brings various properties to I-III-VI QDs, which
need further study.

5. Applications of I-IlI-VI QDs in
WLEDs

Due to their durability, high efficiency, energy-saving, and other
advantages, LEDs have drawn much attention in laboratories
and industries. QDs can not only be employed as conversion
materials in photoluminescent WLEDs, but can also be excited
electrically to generate white light.””*® Therefore, QDs can be
applied to manufacture a new generation of lighting devices,
which show broad application prospects in the lighting field.

5.1 Photoluminescent WLEDs based on I-III-VI QDs
(QD-WLEDs)

In photoluminescent WLEDs, conversion materials absorb the
excitation light and re-emit light at longer wavelengths, which
mix with the unabsorbed excitation light to form white light.
Current commercial WLEDs are mainly based on blue InGaN
chips and yellow YAG:Ce phosphors. Due to the narrow emis-
sion spectrum of YAG:Ce phosphor, which lacks the emission
of the red band, the color rendering index (CRI) of such devices
is generally low. Conversion materials with the properties of
large Stokes shifts, high PL QYs, reasonable photochemical and
thermal stability, strong absorption of UV or blue light, and
wide emission bandwidth can be used to obtain white light
with high LE and CRI. I-III-VI QDs possess most of these
desirable characteristics, which can be employed as conversion
materials in photoluminescent WLEDSs.

5.1.1 QD-WLEDs based on combinations of I-III-VI QDs
and phosphors. When CIS QD-based WLEDs were first reported,
the CRI was lower than 80,%" failing to meet with the standard of
indoor lighting. One solution is to mix QDs with conventional
phosphors. Li et al.5* prepared CIS/ZnS QDs with PL QYs up to
85% and an emission peak adjusted from 651 nm to 775 nm via
simple solvothermal synthesis. WLEDs with CRI up to 90 were
fabricated using CIS/ZnS QDs and (Ba,Sr),SiO4Eu®" as color
converters in combination with blue LED chips. Chen et al.®?
synthesized water-soluble yellow-orange emission AIS/ZnS QDs
with PL QYs up to 45.7% via the hydrothermal method. By
combining a blue InGaN LED chip with a mixture of the AIS/ZnS
QDs and Lu;Al;04,:Ce® phosphors, bright white light was
successfully generated. The WLED exhibited a high LE of
77.98 Im W and a CRI of 85 (Fig. 8).

5.1.2 QD-WLEDs based on combinations of two QDs.
Compared to phosphors, the nanoscale size of QDs makes
them easier to disperse in polymer matrices. It is easy for
QDs to deposit uniform films, reducing the effects of scattering,
reflection, and refraction.®* Su et al.®® synthesized AIS/ZnS QDs
whose PL emission can be tuned from 540 to 622 nm by simply

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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Fig. 8 (a) EL emissive spectra of a WLED fabricated by the green LuzA-
1501,:Ce** phosphors and yellow-emissive AIS/ZnS core/shell QDs, and (b)
the corresponding CIE color coordinates of WLED and a photograph of the
device operated at 200 mA (inset). Copied with permission.&

varying the Ag/In ratio and embedding them in a polyacryla-
mide hydrogel to fabricate a composite film (Fig. 9). They
combined the films with blue LED chips for the fabrication of
remote-type warm WLEDs. The WLED based on a yellow
composite film displayed white light emission with a CRI of
75.6, while the WLED fabricated by stacking a green film on a
red film possessed a relatively high CRI of 87.5. Kim and
coworkers®® synthesized green emissive CGS and red emissive
CIS QDs, with PL QYs of 85% and 83%, respectively. These two
QD emitters were co-packaged in blue LED chips for the
fabrication of tricolored WLEDs. By varying the weight ratio
of the two QDs loaded, the as-prepared WLEDs possess excep-
tional CRIs of 94-97 along with high LEs of 43.1-68.8 Im W'

5.1.3 QD-WLEDs based on single-component I-11I-VI QDs.
Although combining different kinds of QDs can achieve a high
CRI, it not only enhances the reabsorption between different
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Fig. 9 (a) Synthetic illustration for the preparation of AlIS/ZnS QDs and
QD/PAAmM composite film for WLEDs. (b) Digital photographs of AIS/ZnS
QDs synthesized at different molar ratios of Ag/In (above) and QD/PAAmM
composite films of green, yellow, and red (below) under UV irradiation. (c)
Emission spectrum of the LED based on both green and red QD/PAAM
films at a drive current of 20 mA. Reproduced with permission.&° Copyright
2020 Elsevier B.V. All rights reserved.
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QDs which may reduce the LE, but also makes the packaging
process more complicated and expensive. Besides, the as-
prepared devices indispensably exhibited an undesirable
spectral variation with the luminescence intensity of each
emitting component changing with the chip current. These
issues could be overcome by employing single-type QDs. Kim
et al.®® reported the synthesis of white-emitting Mn** doped
CGS/ZnS QDs. They combined QDs with different Mn
concentrations with blue LED chips as single downconverters
for the fabrication of WLEDs (Fig. 10). WLED with an exceptional
CRI up to 95 and a LE of 34.5 Im W' was attainable when
Mn/Ga = 1.25. Gugula et al.®” synthesized ZnCulnGa$S QDs with a
PL QY up to 82% and a large Stokes shift which could limit or
even eliminate reabsorption. By 1-step or 2-step annealing, QDs
emitting white light directly (WQDs) or featuring a ‘candle-like’
orange photoluminescence (CQDs) were attained. The emission
spectra of these quinary QDs covered from blue to red, which
enabled the fabrication of single-component QD-WLEDs. The
WLED composed of a blue LED chip and WQDs boasted a CRI up
to 96, while the CQD-based device presented a high LE of
43 Im W' and a CRI of 93.

5.2 Electroluminescent WLEDs based on I-III-VI QDs

QDs have the advantages of tunable emission spectra, high
efficiency, and excellent color purity. They can be integrated
into electrically-driven quantum-dot light-emitting diodes
(QLEDs) after simple solution processing such as spin coating
or ink-jet printing. QLEDs operate via direct charge carrier
injection into the QD layer, which helps us take full advantage
of the solution processability of QDs to achieve large-area LEDs.
Due to the inherent broad emission bandwidth, I-III-VI QDs
are not suitable for displays that require a high degree of color
saturation. However, they are ideal materials for solid-state
lighting devices, where QDs with a wide PL spectrum are
preferred to attain high CRI.

5.2.1 Core/shell structure engineering. QLEDs operate via
radiative recombination of excitons formed by electrons and
holes injected into the QDs. Therefore, the non-radiative
recombination caused by Auger recombination (AR) and For-
ster resonant energy transfer (FRET) will seriously affect the
photoelectric performance of EL devices.**°° The formation of
an alloyed or compositionally graded intermediate layer at the
core-shell interface has been proven to be useful to suppress
that process.”* Beyond that, the shell thickness of QDs shows a
great effect on device efficiency. Kim et al.°®> prepared QLEDs
with the structure of ITO//PEDOT:PSS//PVK//CIS/ZnS QDs//
ZnO//Al. Through different shelling periods, CIS/ZnS QDs with
different degrees of alloying and shell thickness were synthe-
sized. They showed that with an increasing degree of alloying
and a thicker shell, nonradiative AR and FRET processes were
suppressed more effectively. QLEDs with an unprecedentedly
high current efficiency (CE) of 18.2 cd A~ and EQE of 7.3%
were attained based on the QDs with the thickest shell. Subse-
quently, they fabricated QLEDs using Mn-doped ZCGS QDs
double-shelled with ZnS.>®> The PL QY of double-shelled QDs
was enhanced to 76%. Changes in Mn concentrations resulted
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Reproduced with permission.®° Copyright 2018 Optical Society of America.

in tunable PL from bluish, white, to reddish white. When Mn/
Cu = 16, QLEDs with a maximum luminance of 1352 ¢cd m™2
and EQE of 4.2% emitted pure white light.

5.2.2 Surface chemistry engineering. In addition to the
factors aforementioned, QDs are mostly modified by long-chain
organic ligands (such as oleic acid and oleamine), which hinder
the charge injection between the transport layer and the emission
layer. As a result, internal charge carrier transport progress
becomes weak, which seriously affects the efficiency of the
devices. One method to solve this problem is to replace the
long-chain ligands with short ones. Ji et al.>* replaced the oleic
acid with a shorter ligand 1,2-ethanedithiol and the as-prepared
AIS QDs were used as the emitting layer to fabricate QLEDs. They
showed that the treated QD layers became more compact and
smoother, while the film mobility also increased. The EQE of this
QLED was 1.52%, higher than those of the device employing
original AIS QDs (EQE of 0.026%). Wang et al.”” considered that
proton transfer between different kinds of ligands binding to the
surface would decrease the stability and efficiency of QLEDs and
a synthesis method using a single ligand can fix this issue. They
demonstrated the synthesis of CIS/ZnS QDs using 1-dodec-
anethiol as the single solvent, the S source, and the capping
ligand. They confirmed that the coating of the ZnS shell could
strip off the long carbon chains originally on the surface of CIS
QDs, which contributed to the surface modification in further
LED fabrication (Fig. 11). After replacing the long-chain [Mim]BF,
with short-chain 1,2-ethanedithiol (EDT), they fabricated a QLED
using the as-synthesized CIS/ZnS QDs. The QLED showed an EQE
of 7.8%, the highest value among the QLEDs based on CIS QDs.

5.2.3 Emitter selection engineering. The early white QLEDs
mainly used inorganic/organic composite materials. I-III-VI
QDs provide the red or yellow component of white light, while

424 | Mater. Chem. Front., 2022, 6, 418-429

the blue or green color comes from organic emitters. Liu et al.”®

reported a white QLED containing a mixture of yellow emissive
ZCIS/ZnS QDs and blue emissive poly [(9,9-dioctylfluorenyl-2,7-
diyl)-co-(4,4’-(N-(p-butylphenyl)) diphenylamine)] (TFB) as a
single emissive layer. This QLED showed a low turn-on voltage
of 2.5 V and a maximum luminance of 1500 cd m™~2. However,
organic polymers are relatively easy to degrade, which may
result in shorter lifetimes and stronger emission color instabil-
ity. Employing QDs as emitters solely has become a trend. Yoon
and coworkers®” fabricated white QLEDs in which the blue
ZnCuGaS (ZCGS) QDs blending with the yellow CIS QDs were
used as emissive layers (Fig. 12). At the best ZCGS-to-CIS QD
content ratio, the QLED displayed a CRI of 82, a maximum
luminance of 2172 ¢d m™2, and an EQE of 4.6%. Furthermore,
using single-component QDs as white EML rather than multi-
ple QDs of different colors can be highly advantageous because
it can improve bias-insensitive color stability and facilitate
device fabrication. Zhang et al®® implemented white-light-
emitting Ag, Mn: ZnGaS/ZnS QDs with a PL QY up to 90% to
fabricate QLEDs composed of ITO/ZnO/QDs/PEIE/poly-TPD/
PMAH/AL The EL spectrum of the device was composed of three
spectral emission bands corresponding to poly-TPD, Ag" dopant,

and Mn*" dopant. The maximum luminance was 6.5 cd m >,

6. Conclusions

In this review, we have summarized the synthesis methods of
I-111-VI QDs in the organic and aqueous phase and introduced
their structure with respect to doping, alloying and core-shell.
Furthermore, special focus has been paid to their applications
in photoluminescent and electroluminescent WLEDs. I-1I1I-VI

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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QDs have attracted huge interest from researchers due to their
unique properties, such as large Stokes shift, wide emission
bandwidth, and good tunability, which make them promising
candidates in WLEDs. Despite these superiorities, there are still
some challenges in their preparation and application as follows.

First, most of the high-quality I-III-VI QDs reported recently
have been synthesized via organic methods, which require
strict experimental conditions, need a relatively complex opera-
tion, and do harm to the environment, while the PL QYs of QDs
synthesized in the aqueous phase are relatively low. The devel-
opment of new synthetic technologies is particularly important.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022

Second, the properties of I-III-VI QDs cannot be precisely
designed due to their complex composition. At present, the
luminous mechanism of I-I1I-VI QDs is controversial, and further
study of the mechanism can guide the synthesis of high-quality
QDs. In addition, more attention should be paid to the structural
design of I-III-VI QDs. At present, the structural design of QDs is
empirical and has great uncertainty. There is still a need to
distinguish the optimum synthetic parameters for synthesizing
doped or alloyed nanocrystals. The ability to precisely control the
shell thickness and the degree of alloying will greatly promote the
synthesis and application of I-III-VI QDs in various fields.
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Third, when I-1II-VI QDs are used as the conversion layer of
WLEDs, thermal degradation will affect both the QDs and
packaging matrices, resulting in optical attenuation and other
adverse effects. Therefore, it is particularly critical to improve
the structure of QD-LEDs and choose matrix materials with
better compatibility and thermal stability. Additionally, the
EQE, LE, and other parameters of I-III-VI QD-based EL devices
are still far from those based on Cd-containing or perovskite
QDs.”>'% 1t is necessary to study the working mechanism of
the devices further and design the structure of each functional
layer reasonably to realize the charge injection balance. In
addition, it is also crucial to design the structure of QDs.

Despite these challenges, I-III-VI QDs are still expected to
be promising materials for low-cost and high-performance
WLEDs. Further extensive research and development efforts
should be devoted to overcoming the problems aforementioned
and thus contributing to future commercialization.
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